The hexanuclear metallamacrocycles were observed repeatedly in various conditions including the presence of several different tricationic metal ions in the macrocyclic ring system and of the linear alkyl chains at the acyl site of N-acylsalicylhydrazide ligand, which contrasts to the formation of the decanuclear metallamacrocycle with bulkier side chains such as phenyl group at the acyl site of the ligand. We synthesized a series of metallamacrocycles in various solvents to find the relationship between the solvents and the nuclearity of the metallamacrocycles. Whether the solvents are sterically more demanding or not, the complexes formed kept the hexanuclear metallamacrocycle system.
Introduction
Self-assembly is one of efficient methods for the synthesis of various supramolecular species.
1 Supramolecular architectures are comprised of both discrete molecular assembly 2 and inorganic crystal engineering. 3 The common strategy for the inorganic crystal engineering relies upon the proper programming of building units that usually made up with metal ions and spacers. The design and preparation of micro/ mesoporous materials is very important because of its potential applications such as chiral separations and catalyses. 4 However, the drawback of this method arises from the tendency of such systems to self-intercalate, thereby reducing the accessible pore/cavity size. 5 When a framework with a large enough cavity was obtained, the framework is usually non-rigid and loses its structural integrity in the air. 6 One tactic to achieve the frameworks with large cavity and robustness is the use of large secondary building blocks. 7 Several research groups have synthesized and characterized inorganic clusters which could serve as secondary building units for the construction of the multi-dimensional networks with desirable properties. One way to control the cavity size and functionality of the porous frameworks could be by the modulation of the secondary building units. We recently synthesized a new type of the secondary building units, metallamacrocycles 8 and utilized these building units for the construction of the porous network. 7c The metallamacrocycles are composed of the replaceable parts, the solvent molecules coordinated to the metal ions and non-replaceable parts, metal ions and ligands. The properties of the building units could be modulated by the change of the metal ions, ligands and solvents coordinated to the metal centers. We could introduce several tricationic octahedral metal ions such as manganese, iron, cobalt, and gallium in the metallamacrocycles with their undisturbed structural features. The ligands having the various lengths of linear alkyl groups also gave the isostructural hexanuclear metallamacrocycles. However when the ligand with bulkier benzyl group was used for the synthesis of the metallamacrocycles, a decanuclear metallamacrocycle was obtained. 9 In this study, we wanted to know whether it is possible to modulate the metallamacocycles with various solvent molecules coordinated to the metal centers. We extended the solvents from methanol and dimethylformamide (dmf) to dimethylsulfoxide (dmso), pyridine, methanol/pyridine, and dimethylacetamide (dma). The metallamacrocycles with various solvents have been characterized using X-ray crystallography and other physical methods.
Experimental Section
Materials. The following were used as received with no further purification: salicylhydrazide, propionic anhydride, hexanoyl chloride and triethylamine from Aldrich, Inc.; manganese acetate tetrahydrate from Yakuri; dmso, dma, and pyridine (py) from Carlo Erba. Pentadentate ligands, Nacetylsalicylhydrazide (H 3 ashz), N-propionylsalicylhydrazide (H 3 pshz), N-hexanoylsalicylhydrazide (H 3 hshz) and Nlauroylsalicylhydrazide (H 3 lshz) were synthesized by coupling of the salicylhydrazide and the corresponding acyl chlorides or acyl anhydrides. ): 3451, 3063, 2956, 2929, 2860, 1602, 1560, 1509, 1466, 1440, 1405, 1369, 1323, 1247, 1170, 1148, 1110, 1035, 1016, 953, 907, 858, 756, 695, 686, 639, 594 ): 3476, 3057, 2956, 2929, 2857, 1622, 1601, 1558, 1510, 1466, 1440, 1404, 1373, 1323, 1255, 1189, 1169, 1145, 1109, 1036, 1023, 966, 899, 859, 753, 694, 685, 592 ): 3433, 3067, 2925, 1602, 1561, 1507, 1466, 1443, 1406, 1381, 1339, 1322, 1245, 1214, 1171, 1148, 1109, 1069, 1035, 1006, 976, 903, 858, 757, 707, 698, 679, 643, 622, 594 ): 3424, 3070, 2996, 2929, 2858, 1603, 1567, 1507, 1466, 1444, 1406, 1372, 1362, 1323, 1311, 1248, 1215, 1170, 1148, 1110, 1071, 1036, 1007, 898, 859, 753, 697, 685, 641, 622, 595 ): 3433, 3066, 2954, 2925, 2853, 1602, 1562, 1509, 1466, 1443, 1406, 1365, 1323, 1246, 1216, 1172, 1148, 1112, 1069, 1035, 1006, 905, 858, 755, 697, 688, 642, 622, 594 Crystallographic Data Collections and Refinements of Structures. Crystals of 1-5 were mounted on glass fiber in random orientation. Preliminary examination and data collection were performed using a Bruker SMART CCD Detector single crystal X-Ray diffractometer using a graphite monochromated Mo K radiation (λ = 0.71073 Å) source equipped with a sealed tube X-ray source at -80 ºC. Preliminary unit cell constants were determined with a set of 45 narrow frames (0.3 o in ω) scans. Data sets collected consist of 1286 frames of intensity data collected with a frame width of 0.3º in ω and counting time of 25 seconds/ frame at a crystal to detector distance of 5.0 cm. The double pass method of scanning was used to exclude any noise. The collected frames were integrated using an orientation matrix determined from the narrow frame scans. SMART and SAINT software packages (Bruker Analytical X-ray, Madison, WI, 1997) 10 were used for data collection and data integration. Analysis of the integrated data did not show any decay. Final cell constants were determined by a global refinement of 8192 reflections (θ < 25.0º). Collected data were corrected for absorbance using SADABS 11 based upon the Laue symmetry using equivalent reflections.
Structure solution and refinement of the structure were carried out using the SHELXTL-PLUS (5.03) software package (Sheldrick, G. M., Siemens Analytical X-Ray Division, Madison, WI, 1997).
12 All non-hydrogen atoms were refined anisotropically; hydrogen atoms were assigned isotropic displacement coefficients U(H) = 1.2U (C) or 1.5U (Cmethyl), and their coordinates were allowed to ride on their respective atoms using SHELXL97.
Complex 1. All solvent molecules coordinated to the metal centers are disordered. Two additional solvent sites were observed and both of them were statistically disordered.
Complex 2. In the refinement of crystal 2, all pentyl side chains of the ligands and all of the three coordinated solvent molecules were disordered. During the least-squares refinement of crystal 2, all alkyl side chains of the ligands were restrained as an ideal geometry.
Complex 3. One methanol molecule coordinated to the metal center was disordered. Five solvent sites were observed, and three of them were partially occupied and statistically disordered. Complex 4. In the refinement of crystal 4, all of the nonhydrogen atoms except N1 atom were refined with anisotropic displacement coefficients.
Complex 5. Three solvent sites were observed, and one solvent methanol located at the crystallographic inversion center was treated with disorder model.
The final residual values for the observed reflections (I > 2σ(I)) and for all reflections, and relevant structure refinement parameters are listed in Table 1 .
Results and Discussion
The general reaction scheme for the preparation of metallamacrocycles, applicable in coordinating solvents dmf, MeOH, dmso, dma and MeOH/pyridine, is given in Scheme 1.
Regardless the solvent used all metallamacrocycles are isostructural to the previously reported 18-membered hexanuclear manganese metallamacrocycles.
8b The metallamacrocycles with six metal ions are disc-shaped with different thickness depending on the ligands used. The cores of the all disc-shaped hexanuclear metallamacrocycles are approximately 2 nm in diameter and 1 nm in thickness. The pentadentate ligand N-acylsalicylhydrazidate bridges the ring metal ions using a hydrazide N-N group. An iminophenolate group and an iminoacyl group of a ligand are coordinated to the metal ion as a tridentate ligand. A hydrazidate group of the other ligand occupies two of the three remaining coordination sites of the octahedral manganese (III) ion as a bidentate ligand. A various monodentate solvent molecule finishes the octahedral geometry of the tricationic metal ion. 6 , 1 could be synthesized using manganese(II) acetate tetrahydrate as a metal source, pshz 3− as a trianionic pentadentate ligand and dmso as solvent. An ORTEP diagram of 1 is shown in Figure 1 . 1 with noncrystallographic local pseudo-C 3i symmetry is in the crystallographic inversion center. This neutral hexanuclear manganese metallamacrocycle is similar to previously reported hexanuclear manganese metallamacrocycle [Mn(pshz)(dmf)] 6 , 8 (Table 2 and  Table 3 ).
8b A dmso molecule is coordinated at the one end of Jahn-Teller elongation axis of the manganese(III) ions (Table 2) .
Crystal Structure of Mn 6 (hshz) 6 (dma) 6 , 2. Hexanuclear manganese metallamacrocycle Mn 6 (hshz) 6 (dma) 6 , 2 could be synthesized using hshz 3− as a ligand and dma as solvent. An ORTEP diagram of 2 is shown in Figure 2 . 2 is in the crystallographic C 3i symmetry site. This neutral hexanuclear manganese metallamacrocycle is again similar to previously reported hexanuclear manganese metallamacrocycle [Mn-(hshz)(dmf)] 6 , 9 ( Table 2 and Table 3) . 8b In this complex, solvent molecule, dma, was coordinated to the metal center instead of dmf molecule.
Crystal Structure of [Mn 6 (ashz) 6 (MeOH) 4 (py) 2 ]·7MeOH, 3. Hexanuclear manganese metallamacrocycle Mn 6 (ashz) 6 -(MeOH) 4 (py) 2 , 3 could be synthesized using ashz 3− as a trianionic pentadentate ligand in MeOH/pyridine mixed solvent system (20 : 1). An ORTEP diagram of 3 is shown in Figure 3 . Hexanuclear manganese metallamacrocycle 3 is also similar to previously reported hexanuclear manganese metallamacrocycle [Mn(ashz)(dmf)] 6 , 7 except the solvent molecules coordinated to the metal centers. Methanol and pyridine molecules are coordinated to the metal center in 2 : 1 ratio even though the amount of methanol presents in excess compared to that of pyridine in solution.
Crystal Structure of Mn 6 (hshz) 6 (py) 6 , 4. Hexanuclear Figure 1 . An ORTEP drawing of complex 1, Mn6(pshz)6(dmso)6. The complex is in the crystallographic inversion center. A, B, and C in manganese ions could be related to each other using a noncrystallographic S6 symmetry operation. Cyclic (Mn-N-N-)6 linkage shows 18-membered macrocyclic ring system. The minor part of the disordered dmso and hydrogen atoms have been omitted for clarity. 115.5 138.5 1, Mn6(pshz)6(dmso)6; 2, Mn6(hshz)6(dma)6; 3, Mn6(ashz)6(MeOH)4(py)2; 4, Mn6(hshz)6(py)6; 5, Mn6(lshz)6(MeOH)4(py)2; 6, Mn6(fshz)6(MeOH)6; 7, Mn6(ashz)6(dmf)6; 8, Mn6(pshz)6(dmf)6; 9, Mn6(hshz)6(dmf)6; 10, Mn6(lshz)6(MeOH)6; 11, Mn10(bzshz)10(MeOH)6. manganese metallamacrocycle Mn 6 (hshz) 6 (py) 6 , 4 could be synthesized using hshz 3− as a trianionic pentadentate ligand again in MeOH/pyridine mixed solvent system. An ORTEP diagram of 4 is shown in Figure 4 . 4 is in the crystallographic C 3i symmetry site. Contrast to 3, every solvent molecule in the metal center is pyridine. No methanols were coordinated to the metal centers. However it is not clear whether all the solvent molecules in the metal centers are pyridine or the mixed solvents are coordinated to the metal centers but not observed in the crystal structure because of the disorder of the solvent molecules. Elemental analysis supports the mixed solvent coordination in the metal centers as in 3.
Crystal Structure of [Mn 6 (lshz) 6 (MeOH) 4 (py) 2 ]·5MeOH, 5. Hexanuclear manganese metallamacrocycle Mn 6 (lshz) 6 -(MeOH) 4 (py) 2 , 5 could be synthesized using lshz 3− as a trianionic pentadentate ligand again in MeOH/pyridine mixed solvent system. An ORTEP drawing of one of these molecules (complex 5) is shown in Figure 5 . Mixed solvent coordination of methanol and pyridine at 2 : 1 ratio was again observed as in 3. The three alternating hydrophobic alkyl chains are aligned approximately at a right angle to the plane of the metallamacrocycle, and the other three-alkyl chains are aligned in the opposite direction as in 4. (Figure  5b )
The hexanuclear metallamacrocycles were observed repeatedly in various conditions including the variation of the ring metals using several different tricationic metal ions and the introduction of the linear alkyl groups at the site of the acyl group of the ligand. However, the introduction of bulkier group such as phenyl group at the alkyl site of the ligand resulted in the expansion of the metallamacrocycles from hexanuclear metallamacrocycles to the decanuclear metallamacrocycle. 9 The phenyl group in the ligand might cause the severe steric hindrance between those groups as in hexanuclear metallamacrocycle. To release the steric hindrance, the macrocyclic ring system of the metallamacrocycle expanded from 18-membered to 30-membered ring system (Table 3) . We could get hexanuclear metallamacrocycles with sterically less demanding solvents such as methanol and dmf. Even though more sterically demanding solvent molecules such as dmso, dma, and pyridine were introduced at the solvent site of the metal ion of the metallamacrocycle, the resulting system still keep the 18-membered hexanuclear metallamacrocycle. Although there are some minor variations in the shapes and properties, all metallamacrocycles with various lengths of hydrophobic aliphatic linear chain and various coordination solvent molecules are isostructural 18-membered hexanuclear metallamacrocycles. Five donor atoms from two chelating pentadentate ligands and an additional donor atom from a solvent molecule have coordinated each metal center in the metallamacrocycles. The presence of these various replaceable solvents also indicates that hexanuclear metallamacrocycles could be used as nanoscale secondary building units for the preparation of porous frameworks. Figure 5 . (a) An ORTEP drawing of complex 5, Mn6(lshz)6-(MeOH)4(py)2. As in complex 3, complex 5 is in the crystallographic inversion center and A, B, and C in manganese ions could be related to each other using a pseudo-S6 symmetry operation. The methanol is coordinated to the manganese B center and C center, the pyridine is coordinated to the manganese A center. Hydrogen atoms have been omitted for clarity. (b) Side view of complex of complex 5.The alternating side chains are aligned approximately at a right angle to the plane of the metallamacrocycle.
